Abstract. The locus of ejecta excavated during an impact generates a debris curtain that expands outward. In an atmosphere this advancing curtain acts like a semipermeable barrier that displaces the surrounding gas. The generated flow separates near the top of the curtain to form a vortex ring whose strong winds entrain, transport, and deposit fine-grained ejecta, affecting the morphology of distal ejecta deposited on planets with atmospheres. We have investigated how the curtain width and velocity, particle concentration, size distribution and velocity parallel to the curtain, and the density, viscosity, and compressibility of the surrounding atmosphere controls the flow strength of these winds. Wind tunnel tests (Part 1 [Barnouin-Jha et al., this issue]) show that for an ejecta-like porous plate, the hydraulic resistance, a measure of energy losses for one-dimensional porous flow, governs the position along the curtain where it becomes effectively impermeable. Combined with suitable cratering models and published hydraulic resistance data, this information allows estimating the flow strength or circulation generated by an advancing curtain. The present study assesses the influence of atmospheric compressibility and particle motion parallel to the curtain surface on the curtain's circulation in order to improve these estimates. Numerical experiments indicate that atmospheric compressibility has little effect on the circulation at Mach number below 0.5, consistent with analytical solutions. Analytical solutions show, however, that this flow circulation should increase significantly at higher Mach numbers. The numerical experiments also show that individual ejecta traveling parallel to the surface of the curtain enhance the induced circulation by 9% to 33%.
like porous plate it becomes effectively permeable. Published data link hydraulic resistance to the thickness, porosity, and dominant particle size comprising a porous boundary, and atmospheric properties such as viscosity and density [Idelchik, 1994] . Such results can be combined with appropriate atmosphere and cratering models [e.g., Maxwell, 1977; Schultz and Gault, 1979; Orphal et al., 1980; Housen et al., 1983 ] to determine the length of the impermeable portion of the curtain and the time when it transitions from impermeable to permeable.
In the second study, reported here, numerical experiments extend the investigation to properties that affect the flow circulation but that cannot be studied easily at wind tunnel facilities, namely, atmospheric compressibility and the motion of particles parallel to the surface of the curtain. The numerical experiments required, first, calibrating its turbulence model using wind tunnel results and, second, testing numerical box sizes that satisfy the flow conditions in the wind tunnel while allowing rapid numerical convergence. Once appropriate numerical conditions are found, we report on how the circulation is affected by atmospheric compressibility and particle motion parallel to the surface of the curtain. Results from both the wind tunnel and the numerical experiments are then combined to provide a reasonably complete understanding of the flow field and flow strength generated by an advancing curtain. In a third contribution, this understanding allows developing a theoretical model of the evolution of an ejecta curtain in an atmosphere that will be tested against im- Table 1 for normalizing factors) for identical ReH (see Table 1 where Poo is the ambient atmospheric pressure and h/is the ratio of specific heats of the ambient gas. For M up to 0.5, P0 differs little from the value given by incompressible flow, and the flow field simply scales with curtain velocity. As M increases beyond 0.5, P0 is progressively greater than its value for incompressible flow, leading to proportionally greater separation velocities across an inclined plate or an ejecta curtain. Consequently, the curtain circulation should increase relative to the value for incompressible flow. In essence, the atmosphere acts more and more like a spring, releasing stored energy from compression in front of an inclined plate or an ejecta curtain. Table 1 4 and 7) , and streamline contour plot for a 50% porous perforated plate at low ReH (ReH = 100.0; see Table 1 for definition of ReH), which allows recirculation when its boundary surface is stationary (Figure 10a ). When the surface (sides) of this plate is (are) set in motion at twice the incoming flow speed (Figure 10b) , the maximum flow speed achieved behind the plate is about 34% greater than that calculated behind the stationary plate. This implies the circulation behind the moving plate has been increased by 34% (see text). Table 2 ). The third set of experiments considers flow past a solid plate. Laboratory evidence shows that a significant portion of the ejecta is removed by flow through the portions just above the impermeable section of the curtain. Wind tunnel tests showed that the flow field of an ejecta-like plate (whose porosity decreases with increasing height) with impermeable length L* is nearly identical to that for a solid plate with an equivalent solid length L (Part 1). For both these reasons, a solid plate should provide a good quantitative measure of the effects of a curtain's moving surface boundaries on its circulation. The numerical experiment reveals that the velocity (and circulation) behind the solid plate with moving boundaries is about 9% greater than when its boundaries are stationary ( Figure 11, Table 2) .
A solid plate with a moving boundary surface induces a different flow pattern in front of the plate compared with the other cases studied. At some distance in front of the plate, the upward and incoming flow velocities balance each other out to create a basal vortex (Figure 1 lb) . Such a vortex has actually been observed in shadowgraphs of an advancing ejecta curtain in laboratory experiments [Schultz and Gault, 1982] and in numerical simulations of impacts into the ocean (D .  Crawford, personal communication, 1998) .
Summarizing, the numerical experiments indicate that flow separation processes dominate the strength of the flow generated in curtain derived-flows while motion along the curtain plays a second-order role. The results are consistent with previous assumptions and observations [Barnouin-Jha and Schultz., 1996]. Furthermore, the numerical experiments indicate that the moving edges more effectively change the flow field of the curtain when it allows flow through. Apparently, flow through the plate reduces its inertia sufficiently that it readily gains an upward velocity component from the moving plate surface. This effect increases the height of flow separation and hence the strength of the circulation. For an impact ejecta curtain, the increase in the circulation felt by the moving edges must lie somewhere between the solid and the 50% perforated plate that allows recirculation without moving surface boundaries. While the flow field generated by an ejecta curtain resembles to first order that of a solid plate, much but not all of the ejecta is stripped out of the curtain just above where flow rushes through the curtain. As a result, the passing flow will still be decelerated by the local perforations, thereby slightly increasing the effect of the moving boundary surface on the circulation relative to the solid plate case but not quite as significantly as the 50% perforated plate where no ejecta stripping occurs. Recall also that the results for the 50% perforated plate with recirculation are for a small Reynolds number (Re H = 100), where viscous forces remain important, and thereby, are probably accentuating the effect of the motion of the boundaries on the surrounding fluid.
Another important result with practical applications is that a change in the maximum flow velocity in the separation zone behind a plate or an ejecta curtain provides a direct measure of the change in circulation behind the plate. This provided a simple criterion by which to determine the effects of energy loss associated with flow through the upper portions of the ejecta-like plate during the wind tunnel tests (see Part 1).
Discussion
Our goal is to provide a method to estimate the circulation F generated by an advancing ejecta curtain. Barnouin-Jha and Schultz [1996] showed that F controls the velocity and the entrainment capacity of the vortex winds shed at the top of an advancing ejecta curtain. This entrainment capacity controls the dusty flow conditions of, and ultimately the ejecta deposition by, the vortex. Because the factors that control the critical wavelength and growth rate of these Raleigh-Taylor and Kelvin-Helmholtz instabilities are not known and require further study, the exact time when a curtain becomes permeable cannot as yet be determined. Nevertheless, a good approximation based on laboratory observation indicates that, regardless of the process, the curtain becomes permeable near the time when crater growth ceases.
The flow separation circulation Fs should therefore be calculated for a sequence of times near the time when crater growth ceases. We will now modify it to account for the semipermeable energy losses through the porous sections of the curtain, the compressible flow effects, and the motion of ejecta parallel to the surface of the curtain. The roughness (irregularities) of the curtain surface may accentuate F by dragging fluid around the curtain more effectively. However, this effect should not be very significant because the flow along the surface of the curtain is turbulent [e.g., White, 1986] . Laboratory data support this assertion . When we establish confidence in our approach at small scales, we will apply it at broad scales [e.g., Barnouin-Jha, 1998]. Our approach will allow us to consider realistic atmospheric conditions (i.e., a shock-heated atmosphere recovering from an initial blast, and a naturally occurring atmosphere whose density decays with height).
Estimates of the flow conditions in the curtain-derived vortex should provide a means to determine the entrainment capacity of ejecta by this vortex. This entrainment capacity controls the dusty flow conditions that ultimately determine the manner in which the vortex deposits ejecta. Such an understanding provides a basis for using ejecta run-out and ejecta sinuosity [Barnouin-Jha and Schultz, 1998 ] to assess atmospheric and target contributions (including presence of volatiles) in the vortex at the time when the curtain becomes permeable.
